A novel absorption-based post-combustion CO 2 capture process is being developed to reduce the energy use associated with CO 2 stripping and compression. The process features the use of a concentrated potassium carbonate/bicarbonate (PCB) aqueous solution as a solvent and high-pressure CO 2 stripping with a bicarbonate-dominant slurry enabled by crystallization of the CO 2 -rich solution. Vapor-liquid equilibrium data under the typical stripping conditions of the process were measured and CO 2 stripping tests were performed under various pressures, temperatures, PCB concentrations, and CO 2 loading levels using a bench packed-bed stripping column. The results showed that CO 2 stripping with a highly concentrated, highly CO 2 -loaded PCB solution/slurry at a high temperature was favored to attain a high stripping pressure and a low water vapor-to-CO 2 pressure ratio in the product gas stream. The total heat use measured for CO 2 stripping with the PCB system was up to three times lower than that of the benchmark 5 M monoethanolamine system under favorable conditions.
Introduction
Absorption-based processes are believed to be suitable for large-scale post-combustion CO 2 capture from coal-fired power plants. However, the state-of-the-art monoethanolamine (MEA) absorption processes are highly energyintensive and costly [1, 2] . One important cause is associated with the low pressure of CO 2 stripping (1 to 2 atm) [3] , resulting in great amounts of heat loss due to water evaporation and the compression work required to compress CO 2 to a sequestration-ready pressure. Thus, increasing the stripping pressure is a viable option for reducing the energy use in CO 2 absorption processes.
A novel hot carbonate absorption process (Hot-CAP) with crystallization-enabled high-pressure stripping is currently being developed to reduce the energy use associated with CO 2 stripping and compression. Hot-CAP uses a concentrated potassium carbonate/bicarbonate (K 2 CO 3 /KHCO 3 , or PCB) aqueous solution as a solvent. The process involves three major unit operations, i.e., CO 2 absorption, bicarbonate crystallization, and CO 2 stripping. A schematic diagram of the process is displayed in Fig. 1 [4] . This process features high-pressure CO 2 stripping with a bicarbonate slurry containing a much higher CO 2 loading than a homogeneous solution, enabled by crystallization of the CO 2 -rich solution. As a result, it reduces 1) the stripping heat associated with water vaporization, 2) the sensible heat because of the low specific heat capacity of the slurry, and 3) CO 2 compression work. Several other CO 2 absorption processes involving crystallization or precipitation have also been reported recently. The CO2CRC UNO MK3 process is a precipitating PCB-based system claimed to achieve significant reductions in cost owing to the reduced solvent flow and equipment size, elimination of the SO x and NO x removal equipment, lower solvent replacement, and production of valuable desulfurization by-products [5] . The process was tested with both promoted and un-promoted 20 to 40 wt% potassium carbonate solutions using a slipstream of flue gas from a power plant [6] . Shell has tested a precipitating PCB-based technology at a pilot scale (25 kg CO 2 /day) [7] . Researchers in the Netherlands have investigated two process concepts based on the use of precipitating amino acid salts [8, 9] . These studies have concluded that the precipitating processes require less energy use for CO 2 stripping to varying extents than do the MEA-based processes. Compared with these processes, Hot-CAP allows for the use of a more concentrated solution for CO 2 absorption and attains a higher pressure for CO 2 stripping, which thus has greater potential to improve the overall energy use for CO 2 capture.
Knowledge of the phase equilibria of CO 2 -H 2 O-PCB systems at elevated pressures and temperatures is critical for the design and evaluation of Hot-CAP. However, vapor-liquid equilibrium (VLE) data under typical Hot-CAP stripping conditions are not available in the literature, except for limited data for PCB concentrations up to 40 wt% at temperatures up to 140 °C [10, 11] . It is also necessary to investigate the high-pressure CO 2 stripping performance of PCB solutions/slurries in a column setup to gain a better understanding of the kinetic behavior, energy use, and operating issues of the stripping process. In this study, the VLE data were measured using a stirred cell reactor, and CO 2 stripping tests were conducted using a bench-scale packed-bed column for 40 to 60 wt% PCB solutions/slurries with carbonate-to-bicarbonate (CTB) conversion levels up to 90% at temperatures between 120 and 200 C.
Experimental methods

VLE measurements
A schematic of the experimental setup used to measure the VLE data of the CO 2 -H 2 O-K 2 CO 3 /KHCO 3 systems is shown in Fig. 2 . The system consisted of a high-pressure stirred cell reactor, a temperature controller, an inert gas (N 2 ) supply, and a gas chromatograph (GC). The reactor (Parr Instrument Company, model 4531) had an inner diameter (ID) of 10 cm and a depth of 14 cm, and was equipped with a variable-speed magnetic stirrer to provide stirring speeds ranging from 0 to 600 rpm for both the gas and liquid phases. The reactor was also equipped with multiple valves and gauges, including a gas inlet valve, gas release valve, liquid sampling valve, pressure gauge, and safety rupture disc. An external furnace was attached to heat the reactor to the desired temperatures through a separate Parr Series 4840 Temperature Controller. A vacuum pump (Dekker, RVL002H-01) was used to remove residual gases, if any, from the system before each measurement. The pressure of the reactor was measured by a pressure transducer (Omega, PX409-1.0KAUSB) and recorded by a computer. The GC (Shimadzu GC-2014), equipped with an RT-Q-Bond Plot column, was used to measure gas compositions. Gas samples were obtained using a 100-mL syringe (Restek Corporation) through a 10-mm septum fit into a tee tubing gas sampling port. The measurement was based on a desorption method. In a typical operation, 1,000 g of PCB slurry with the desired composition was fed to the Parr reactor. After careful assembly and leakage checking, the system was vacuumed to the desired level at room temperature. The stirrers for both the gas and liquid phases were turned on to 250 rpm and the furnace heater was turned on to heat the reactor to the desired temperature. When the system reached an equilibrium state (in 3 to 4 hours), as evidenced by little pressure change over time, a pure N 2 gas stream was introduced into the reactor as an inert tracer to a predetermined pressure. After stabilization, the partial pressure of N 2 (P N2 ) in the reactor was determined by the difference between the total pressures before and after N 2 gas injection. The partial pressure of CO 2 (P CO2 ) was determined based on the concentration ratio of CO 2 to N 2 in the gas samples measured by the GC and the N 2 gas partial pressure in the reactor. The partial pressure of water vapor (P H2O ) was calculated from the measured total pressure and the partial pressures of CO 2 and N 2 . The liquid composition at equilibrium was assumed to be equal to the initial composition because the change in PCB slurry composition was negligible with CO 2 desorption and water vaporization during the measurement.
CO 2 stripping tests
A bench-scale stripping column system rated at 200 °C and 34.0 atm was used for the stripping tests. The system was composed of a stripping column, a liquid supply tank, and instrumentation for measuring temperature, pressure, and gas and liquid flow rates (Fig. 3) . The stripping column was a 2.54-cm-ID, 2.1-m-high stainless steel tube packed with a 1.8-m height of pall rings (Hai-Yan New Century Petrochemical Device Co., Ltd.). A stainless steel reboiler was attached to the bottom of the column, with heat supplied via three 1.0-kW mica band heaters 
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(Tutco, Model BH91911) with a temperature control and power input control. The liquid level in the reboiler was monitored by a Klinger magnetic level gauge (Davis Control Ltd.). The temperature profile along the column was measured by five evenly mounted thermocouples, and the pressure drop was measured by two pressure gauges installed at the top and bottom of the column. The CO 2 product gas stream exiting the top of the column was cooled by passing it through a stainless steel cooling coil to condense the water vapor. The flow rate of the dried CO 2 gas was measured by a flow meter after the pressure was relieved by a back-pressure controller. The regenerated lean solution was discharged through a release valve at the bottom to a liquid container. The PCB solution/slurry was continuously fed to the stripping column from a liquid supply tank. The supply tank was a stainless steel cylinder with an ID of 0.3 m and a height of 0.9 m. The flow rate of the feed solution was controlled by adjusting the pressure difference between the tank (with the headspace balanced with the N 2 gas from a cylinder under an adjustable pressure) and the stripping column and was monitored by a high-pressure liquid flow meter (Micro Motion, Inc., Model F025). Two 2.5-kW electrical mica band heaters with temperature control (Tutco, Model BH91910) were attached to heat the liquid in the tank to the desired temperatures. The tank was equipped with a variable-speed magnetic drive agitator controlled through an inverter motor speed regulator (PDC Machines, Inc., Model 1699-0113) to provide stirring speeds up to 500 rpm. A built-in Klinger magnetic level gauge (Davis Control Ltd.) was used to monitor the liquid level in the tank.
In a typical experiment, approximately 20 L of PCB slurry with the desired composition was charged to the liquid supply tank. The slurry was preheated to the desired temperature, about 5 to 10 °C lower than the reboiler temperature but sufficiently high to dissolve the solids in the tank. Approximately 1.5 L of a randomly diluted PCB was initially charged to the reboiler and preheated to the desired temperature. Once the temperatures and pressures in both the supply tank and stripping column were stable, the hot PCB solution in the supply tank was continually fed to the stripping column at a controlled rate, ranging between 0.05 and 0.12 L/min. The liquid level of the reboiler was held constant during the experiment. Each experiment was operated continuously for more than 40 to 60 min (>3 times greater than the residence time of the liquid in the reboiler) after it reached steady state, as indicated by negligible changes in the readings of temperature, pressure, and flow rate of the dried product CO 2 . The lean PCB solution exiting the reboiler was sampled for analysis of the CO 2 loading by an acid titration method using a Chittick apparatus. 3. Results and discussion
Phase equilibrium behavior
The VLE data for the 40 wt% PCB solution with various CTB conversion levels at 140 °C was measured and compared with those reported by Tosh et al. [11] . At a CTB conversion level below 50%, the data measured in this study were comparable; however, at a CTB conversion level above 50%, both the total pressures (sum of P CO2 and P H2O ) and the P CO2 values measured in this study were lower. To confirm the measurement, the vapor pressures over pure water at 140 to 200 °C were measured using the same VLE cell, and the measured values closely matched those in the literature. Thus, the measurements in this work were deemed trustworthy. Fig. 4 shows the VLE data for the 40, 50, and 60 wt% PCB solutions with different CTB conversion levels at 140 to 200 C. The curves of P CO2 as a function of CTB conversion are reverse S-shaped. Note that the PCB solutions containing high concentrations of KHCO 3 are slurries at room temperature but become soluble at high temperatures (140 to 200 C). As shown in Fig. 4 , a PCB solution with a higher CO 2 loading was favored to obtain a higher total pressure and a lower water vapor-to-CO 2 pressure ratio (P H2O /P CO2 ). For example, at 160 C, the total pressure increased from 538 to 954 kPa and the P H2O /P CO2 decreased from 1.90 to 0.35 as the CTB conversion level of the 50 wt% PCB solution was increased from 50 to 73%. Increasing the temperature increased the total pressure but did not substantially change the P H2O /P CO2 . When the temperature was increased from 160 to 200 C, the total pressure over the 50 wt% PCB solution with 73% CTB conversion increased from 954 to 2,020 kPa, whereas the P H2O /P CO2 remained almost unchanged.
Note that at the same temperature and CTB conversion level, the P CO2 increased with increasing PCB concentration. However, the P CO2 increase was not so substantial as that with an increasing CTB conversion, especially when the PCB concentration reached 50 wt% or above. At the same time, the value of P H2O decreased remarkably as the PCB concentration was increased from 40 to 60 wt%, suggesting that the stripping heat associated with water vaporization can be lowered by using a more concentrated PCB feed. For example, at 160 C, the P H2O /P CO2 for the 60 wt% PCB with 83% CTB conversion was 0.05 compared with 0.11 for the 50 wt% PCB with the same CTB conversion.
A higher stripping pressure and a lower P H2O /P CO2 will reduce both the use of CO 2 stripping heat and the compression work requirement. The measured VLE data suggest that CO 2 stripping from a concentrated PCB solution with a higher CTB conversion level at a high temperature thermodynamically favored achieving these desirable conditions.
Performance of CO 2 stripping
CO 2 stripping was tested in the stripping column under different temperatures, PCB concentrations, and inlet CTB conversion levels. The P H2O values at the top of the column were estimated from the measured VLE data for 40 to 60 wt% PCB solutions or from the data in the literature for 30 wt% PCB solutions [11] under the assumption that water evaporation reached an equilibrium state. The P CO2 and P H2O /P CO2 at the top of the column were consequently calculated from the total stripping pressure measured.
The heat used for CO 2 stripping in Hot-CAP is the sum of the following heat elements, assuming the solution does not flash upon entrance to the stripper:
where Q sensible is the sensible heat required to heat the inlet CO 2 -rich solution to the reboiler temperature (kJ/kg), Q stripping is the stripping heat associated with water evaporation (kJ/kg), Q reaction is the heat of reaction required to desorb the CO 2 from the rich solution (kJ/kg), and Q dissolution is the heat taken to dissolve KHCO 3 solids in the slurry (kJ/kg). Phase equilibrium is usually not reached in the stripping column. The four heat elements can be calculated based on the measured process parameters according to Eqs. (2-5): 
where C p is the specific heat capacity of the PCB solution (kJ/kg K); T reboiler and T inlet are the temperatures of the reboiler and the inlet feed solution (K); CTB is the change in CTB conversion of the PCB solution during stripping (%); x solv is the molar fraction of PCB (K 2 CO 3 -equivalent) in the solution; H vap,H2O is the heat of water evaporation (kJ/kg); P H2O and P CO2 are the partial pressures of water vapor and CO 2 at the top of the stripping column (kPa); H abs,CO2 is the heat of absorption (kJ/kg); H disl,KHCO3 is the heat of KHCO 3 dissolution (kJ/kg); and M solution , M H2O , M CO2 , and M KHCO3 are the molecular weights of the solution, water, CO 2 , and KHCO 3 , respectively.
Note that in the current study, the reboiler heat duty in the stripping column was attributed to only Q sensible , Q stripping , and Q reaction because the Q dissolution associated with the dissolution of KHCO 3 solids occurred in the liquid supply tank. For the MEA-based processes, the Q dissolution term is not applied because no dissolution process is involved.
Effect of temperature
As expected, higher temperatures released more CO 2 from the hot PCB solution because of the higher driving force for CO 2 stripping, resulting in a leaner PCB solution exiting the stripping column. For example, with the PCB30-80 feed, the CTB conversion of the regenerated solution decreased from 76 to 65% as the stripping temperature was increased from 120 to 160 °C [ Fig. 5(a) ]. As shown in Fig. 5(b) , the P CO2 at the top of the column with the PCB30-80 feed increased from 200 to 441 kPa as the stripping temperature was increased from 120 to 160 °C. Note that the P CO2 was affected by both the composition of the lean solution and the stripping temperature. A higher temperature corresponded to a higher CO 2 equilibrium pressure; however, it also produced a leaner regenerated solution, which corresponded to a lower equilibrium CO 2 pressure. The results indicate that the net effect of increased temperature favored an increase in CO 2 partial pressure.
The P CO2 and P H2O data displayed in Fig. 5 (b) also suggest that the P H2O /P CO2 in the gas stream exiting the stripping column increased slightly from 0.59 to 0.66 as the temperature was increased from 120 to 160 °C. On the one hand, because the heat of CO 2 absorption in the PCB solution (28 kJ/mol) is lower than the heat of water evaporation (41 kJ/mol), the P H2O should increase more significantly than the P CO2 with increasing temperature, resulting in an increase in P H2O /P CO2 . On the other hand, for concentrated PCB solutions with high CTB conversion levels, the P H2O at a higher temperature decreased from that of pure water more significantly than did the P H2O at a lower temperature (Fig. 4) . As a result, the combined effect of temperature on the P H2O /P CO2 was not pronounced for the concentrated PCB solutions with high CTB conversion levels.
The results of reboiler heat duty for CO 2 stripping with the PCB30-80 feed are displayed in Fig. 5(c) . The heat duty decreased with increasing stripping temperature from 120 to 160 C. Compared with the stripping heat or reaction heat use, the sensible heat use was more dependent on the temperature. A greater amount of CO 2 was stripped off at a higher stripping temperature, resulting in a proportional decrease in the sensible heat use on a perunit mass of CO 2 release basis. Meanwhile, increasing the temperature slightly increased the stripping heat use as the P H2O /P CO2 slightly decreased. Note that the reaction heat did not depend on the temperature. Overall, the reboiler heat duty was reduced by approximately one-half when the temperature was increased from 120 to 160 C. desorbed, indicating that a more concentrated PCB feed favored a deeper level of solvent regeneration. The change in CTB conversion throughout the column for the 30 to 50 wt% PCB varied from 14 to 24 percentage points, which is equivalent to an 18 to 30% regeneration efficiency of KHCO 3 contained in the feed solution. As illustrated in Fig. 6(b) , both a higher total pressure (P H2O + P CO2 ) and a higher CO 2 partial pressure were attained for the more concentrated PCB solution. At 160 C, when the total PCB concentration was increased from 30 to 50 wt% with the same 80% CTB conversion in the feed, the total stripping pressure increased from 731 to 834 kPa, whereas the P H2O /P CO2 ratio decreased from 0.66 to 0.26. This result verified the findings from the VLE measurements.
Effect of PCB concentration
Using a more concentrated PCB feed solution also led to a lower reboiler heat duty for CO 2 stripping, as shown in Fig. 6(c) . The reboiler heat duty for CO 2 stripping at 160 C decreased from 2,323 to 1,218 kJ/kg CO 2 when the PCB concentration was increased from 30 to 50 wt% with the same initial 80% CTB conversion. Such a trend was attributed to both the reduced sensible heat and stripping heat use. The sensible heat use was decreased because a greater amount of CO 2 was stripped off when a more concentrated solution was used. The stripping heat use for the PCB50-80 feed was lower than that for the PCB30-80 or PCB40-80 feed because the P H2O /P CO2 obtained was the lowest, as mentioned.
Effect of CO 2 loading of the feed solution
The effect of the initial CO 2 loading on the level of solvent regeneration for the 40 wt% PCB feed solution at 160 °C is illustrated in Fig. 7(a) . The initial CTB conversion of the solution was varied from 40 to 80%. For a richer feed solution (higher CTB conversion), a greater amount of KHCO 3 was regenerated during stripping. The change in CTB conversion along the stripping column increased from 9.5 to 18 percentage points when the initial CTB conversion was increased from 40 to 80%. As displayed in Fig. 7(b) , the use of a feed solution with a higher CTB conversion level achieved a higher P CO2 and a lower P H2O in the CO 2 product gas stream. As the CTB conversion of the 40 wt% PCB feed was increased from 40 to 80%, the total stripping pressure increased from 545 to 793 kPa and the P CO2 increased from 108 to 538 kPa at 160 °C (i.e., the P H2O /P CO2 decreased from 4.03 to 0.47). Such a tendency is consistent with that observed in the VLE measurements.
As expected, using a richer PCB feed solution led to a lower reboiler heat duty for CO 2 stripping. As shown in Fig. 7(c) , when the CO 2 loading of the 40 wt% PCB feed was enriched from 40 to 80% CTB conversion, the heat duty for stripping at 160 C decreased from 5,359 to 1,677 kJ/kg CO 2 . The results in Fig. 7(c) also show that the sensible heat use was comparable for the 40 wt% feed solution with either 40, 60, or 80% CTB conversion. Therefore, the lower reboiler heat duty attained for the richer feed solution was attributed mainly to the lower stripping heat use because the P H2O /P CO2 for such a system was significantly lower than that for the leaner feed solution.
Comparison with MEA stripping
For comparison purposes, a 5 M MEA solution loaded with 0.475 mol CO 2 /mol MEA (i.e., 95% MEA conversion, MEA5-95) was tested in the same stripping column. The tests with MEA were operated at or near atmospheric pressure, a slightly lower pressure than but still close to typical MEA stripping pressures. The CO 2 loading levels of the lean MEA solution were 0.37 and 0.20 mol CO 2 /mol MEA at stripping temperatures of 100 and 108 C, respectively. Similar to the PCB system, the higher stripping temperature facilitated a deeper level of MEA regeneration and a lower P H2O /P CO2 in the product gas stream, as demonstrated in Fig. 8(a) . The reboiler heat duty for the MEA stripping was determined based on the same approach used for the PCB stripping. The heat duty for the MEA stripping amounted to 6,200 kJ/kg CO 2 at 100 C and 4,300 kJ/kg CO 2 at 108 C. The leaner the CO 2 loading of the regenerated solution, the lower the P H2O /P CO2 in the product gas stream, resulting in a greater amount of stripping heat use associated with water vaporization [ Fig. 8(b) ]. The heat duty obtained for the MEA stripping in this study is comparable with those reported in the literature [12, 13] .
A comparison of the total heat use for CO 2 stripping with the PCB and the MEA systems is displayed in Fig.  8(b) . As mentioned, the reboiler heat duty for the PCB system [as displayed in Figs. 5(c), 6(c), and 7(c)] did not include the term for dissolution heat Q dissolution . Thus, the total heat use for CO 2 stripping with PCB should be the sum of the reboiler heat duty and the heat of dissolution, as indicated by Eq. (1). Based on the enthalpy change of KHCO 3 dissolution, the heat of dissolution on a CO 2 basis was estimated at 42 kJ/mol CO 2 stripped (955 kJ/kg) for the PCB system.
As shown in Fig. 8(b) , the total heat use for 160 C stripping from the 40 to 50 wt% PCB feed solutions with 40 Stripping at 160 C for PCB and 100 or 108 C for MEA a to 80% initial CTB conversion ranged from 2,172 to 6,313 kJ/kg. The total heat use for CO 2 stripping was lower for a more concentrated PCB solution or a feed solution with richer CO 2 loading. These results clearly demonstrate that the total heat use for the PCB system was lower than that for the MEA system. For example, the total heat use for CO 2 stripping from the 40 or 50 wt% PCB feed solution with 80% CTB conversion was about 1.5 to 3 times lower than that for the MEA. In addition, the total pressures attained for PCB stripping were higher than those for MEA stripping [ (Fig. 8(a) ], suggesting less CO 2 compression work is required for the PCB system.
Conclusions
Vapor-liquid equilibrium (VLE) data were measured for the 40 to 60 wt% PCB solutions with CTB conversion levels varying from approximately 20 to 90% at 140 to 200 °C, which covered the full range of CO 2 stripping conditions in Hot-CAP. A high concentration or a higher CTB conversion level of the PCB solution was favored to obtain a higher total pressure and a lower P H2O /P CO2 . An increase in temperature facilitated obtaining a higher total pressure but did not significantly change the P H2O /P CO2 . These results suggest that using a concentrated, CO 2 -rich PCB solution/slurry for CO 2 stripping at high temperatures thermodynamically favors a reduction in energy use for CO 2 stripping.
A bench-scale packed-bed stripping column was used to investigate the performance of CO 2 stripping for the PCB system. The effects of stripping temperature, PCB concentration, and initial CO 2 loading on the stripping pressure and P H2O /P CO2 observed in the column tests followed trends similar to those in the VLE measurements. Increasing the stripping temperature, PCB concentration, or initial CTB conversion significantly decreased the total heat use for CO 2 stripping. The PCB system could reduce the total heat use by up to three times under favorable conditions compared with the 5 M MEA system. The total heat use for 160 C stripping from the 40 to 50 wt% PCB feed solutions with 40 to 80% CTB conversion ranged from 2,172 to 6,313 kJ/kg CO 2 , compared with 4,300 to 6,200 kJ/kg CO 2 for 100 to 108 C stripping from a rich 5 M MEA solution. In addition, the PCB system allowed higher total stripping pressures than did the MEA system, thus requiring less compression work after stripping to deliver supercritical CO 2 to a storage facility.
